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(54) Translucent polycrystalline ceramic and method for making same 



(57) An translucent polycrystalline ceramic is dis- 
closed which is capable of transmitting visible light and 
which is excellent in strength, hardness, abrasion resist- 
ance, light transmittance, transparency and high-tem- 
perature characteristics and usable as a material, for in- 
stance, for cutting tools, outer tubes for high pressure 
sodium lamps and high temperature furnace window 
plates. 

The translucent polycrystalline ceramic has at least 
one of the following characteristic features: (1) a mean 
particle size of crystal particles formed inside the ceram- 
ic is not larger than 1 .0 um, (2) a mean aspect ratio 



thereof is from 1 .0 to 1 .5. (3) a density thereof is sub- 
stantially a theoretical density, (4) a light transmittance 
through its thickness of 1 mm is at least 50%, (5) a mean 
facet length of crystal particles formed inside the ceram- 
ic is not longer than a maximum wave length of the light. 

One of the embodiments is a translucent polycrys- 
talline Al 2 0 3 ceramic containing 0.02 - 2.0 mol% of oxide 
of metal belonging to group IMA and/or IVA (excluding 
Ti), having its density of at least 3.98 g/cm 3 , a mean 
crystal particle size of 0.3 - 1 .0 pun, its bending strength 
of at least 1 900 MPa and its Vickers hardness of at least 
850 at 1000°C. 
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Description 

[0001] The present invention relates to a translucent polycrystalline ceramic and a method of making the same and 
in particular relates to a translucent pofycrystalline A^C^ ceramic and a method of making the same. 

5 [0002] There are many applications for translucent polycrystalline ceramic. For instance, an outer tube for a metal 
halide or sodium lamp, a light emitting tube and a window plate for high-temperature furnace are made of translucent 
alumina ceramic, wherein not only anelectrical resistance and/or chemical corrosion resistance, but also a high strength 
and hardness from low temperature (ambient) up to as high as 1000-1200°C are often required. This is required partly 
because the translucent alumina ceramic may be thinned to gain more light transmittance therethrough. In addition to 

10 a high straight-line light transmission, also called linear-light transmittance (corresponding to transparency), some 
applications need a fine texture and high abrasion resistance (namely ceramic particles should not fall off from its 
surface so that it maintains a smooth surface with less surface roughness). Such applications include optical connec- 
tors, optical filters, medical articular heads in medical use, cutting tools, bearings, high-Q dielectrics for some electronic 
components. 

is [0003] It is known that some alumina ceramics (polycrystalline) can be made translucent or partially transparent, in 
other words, light is transmittable therethrough. 

[0004] However, the translucent alumina ceramic that satisfies both transparency and high mechanical strength has 
not been reported. For example, in Japanese Patent Laid-Open NO.H03-285865/1 991 , a translucent alumina ceramic 
made by using alumina grains of high- purity (99.99% purity) and a small amount of MgO is disclosed, however, its 
20 bending strength is insufficiently low, such as about 500 MPa. On the other hand, in other Japanese Patent Nos. 
2729204 and 2663191, the translucent alumina ceramic having high strength and hardness made by controlling a 
mean particle size under HIP is disclosed, however, a straight-line transmission of light propagating through a thickness 
of 1 mm thereof is insufficiently lower than 50%. 

[0005] In addition, it has been conventionally considered that large particle sizes of alumina crystal grains constituting 
25 the alumina ceramic contributes to gaining a high translucency or transparency of the alumina ceramic because chanc- 
es of light-scattering(: reflection and/or refraction occurring at grain boundaries by the light) are reasoned to be lesser 
than the alumina having much smaller grains inside. 

[0006] In the conventional translucent alumina ceramic, alumina particles constituting the polycrystalline alumina 
ceramic are liable to fall off from its surface. In other words, it has been difficult to attain a precisely or rather extremely 

30 mirror-polished surface of the translucent alumina ceramic. When the conventional translucent alumina ceramic is 
subjected under a large contact-stress as in use for bearings or cutting tools or even in a surface polishing process 
thereof, such a stress-concentrated site thereof tends to break, probably due to large size crystals which are formed 
with magnesia (MgO) binding the crystals inside the conventional translucent alumina ceramic. 
[0007] An object of the invention is therefore to provide a translucent polycrystalline ceramic having a good strength 

35 and hardness, capable of transmitting light through the ceramic. Throughout this specification, the term "light" is not 
necessary limited only to visible light, but may include other electromagnetic radiation, such as infrared light and/or 
ultraviolet light. 

[0008] Another object of the invention is to provide a translucent polycrystalline alumina ceramic having excellent 
strength and hardness or abrasion resistance, capable of light transmittance and/or straight-line light transmission 

40 therethrough and withstanding a high temperature. 

[0009] Still another object of the invention is to provide a method of making a translucent polycrystalline alumina 
ceramic. This method enables manufacture of an excellent translucent alumina ceramic having high temperature bend- 
ing strength and hardness and/or abrasion resistance, wherein particles/grains constituting the ceramic are resistant 
to falling off from its surface and the surface can be ground and polished into a smooth surface with less surface 

45 roughness and can be mechanically less damaged for instance under a high contact stress applied to the ceramic in 
use whilst maintaining its translucency. 

[001 0] In a first aspect of the invention, there is provided a translucent polycrystalline ceramic capable of transmitting 
a light that enters the ceramic, comprising crystal particles, 

wherein a mean facet length of the crystal particles is not longer than a maximum wave length of the light that 
50 transmits through the polycrystalline ceramic product; the mean facet length being defined as an average of lengths 
of sides forming polygons that appear in cross sections of the crystal particles constituting the ceramic. 
[0011] A characteristic feature of the translucent polycrystalline ceramic according to the invention is that the mean 
facet length as defined above is shorter than a maximum wave length of the light that transmits through the translucent 
polycrystalline ceramic. 

55 [0012] In an aspect, in the case that a visible light that has a wave length of about 380-780 nm, if all of the facet 
lengths (meaning facet side lengths of the alumina crystal particles) are less than 380 nm, highest translucency of the 
polycrystalline ceramic transmitting most of the visible light is attained with the translucent polycrystalline ceramic. 
Even when the mean facet length(meaning an average of the facet side lengths of the crystal particles) is less than 
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700 nm, the translucent polycrystalline ceramic with thickness of 1 mm can transmit more than 50 % of the visible light 
therethrough, as will be later described in detail. 

[0013] When the facet length is shorter, the better translucency and transparency is attained, and this is in contrast 
to the conventional technology that requires larger particles or grains (resulting in longer facet lengths) for attaining a 
s better translucency through the ceramic. 

[0014] In a preferred aspect of the invention, the best translucency is attained when all the facet lengths are shorter 
than all wave lengths of the lights to be transmitted through the ceramic. The better light translucency as high as 70% 
is attained with the mean facet length of less than 500 nm and the best one (more than 75%) is attained with that of 
less than 400nm. 

10 [0015] In another preferred aspect according to the invention, the polycrystalline ceramic should is substantially 
poreless. In other words, a relative density of the fired ceramic should be at least 99.8% or substantially 100% with a 
minimum binder connecting the transparent crystal particles (or grains) formed inside the translucent ceramic. This is 
because the pores decrease translucency and/or transparency of the polycrystalline ceramic, and in addition decreases 
strength and hardness thereof. In the case of a translucent polycrystalline alumina ceramic, the density thereof should 

is be at least 3.98 g/cm 3 (substantially 100% in relative density). 

[0016] A material candidate for the crystal particles is Al 2 0 3 , AIN ,Zr0 2 , spinel and so on, so long as large optical 
anisotropy or crystal anisotropy is not formed with the crystal particles. In other words, if a mean aspect ratio of the 
crystal particles is 1-1.5 (preferably 1-1.3) and a mean particle size of the crystal particles formed inside the ceramic 
is not larger than about 1 urn, the mean facet length becomes less than the maximum wave length or most of wave 

20 lengths of the visible light. Among them, Ak0 3 (alumina or sapphire ) is best selected for the crystal particles. Because 
a crystal structure of the alumina belongs to a hexagonal system, difference of refractive index for the light between 
its crystal facets formed along a-axis and c-axis in crystallography is theoretically only about 0.008, which renders the 
reason why majority of the visible light can transmit through the translucent polycrystalline ceramic comprising crystal 
particles having the mean aspect ratio of 1-1 .5 and the mean crystal particle size of not larger than 1 um. 

25 [0017] In an aspect of the invention, the translucency of AI2O3 ceramic (namely, alumina including sapphire) as well 
as strength and hardness of the ceramic at high temperature are maintained as will be described later in detail, if a... 
metal oxide is selected from oxides of metals belonging to groups I II A and I VA of the Periodic Table (IUPAC alt) ex- 
cepting Ti and is added as a binder for binding or rather a sintering aid for sintering the crystal particles inside the 
ceramic. Ti is substantially excluded since a colorless or non-pigmented translucency is not obtained with the alumina 

30 ceramic containing Ti at its boundary. Other pigmenting element such as Cr and Co (although not belonging to groups 
IMA and IVA of the Periodic Table) is substantially also avoided for the binder or sintering aid. 

[0018] Most preferred theoretically is that the translucent polycrystalline alumina is a sintered product that is made 
without such a sintering aid or binder. In actual practice, the ratio of alumina occupying the translucent alumina ceramic 
(meaning a relative content of alumina in the sintered ceramic product) is made preferably to at least 99 % or more * 
35 preferably at least 99.95% in volume. To attain this, a starting material powder of alumina is selected preferably from^ 
those having the purity of not less than 99.99 % or not less than 99.995% (best). * 
[0019] If colored translucent polycrystalline alumina ceramic is required in an application such as an optical filter, a' 
very small amount of the pigmenting elements should be selectively added. 

[0020] A soft metal oxide such as magnesia(MgO) that is conventionally used as a colorless sintering aid or binder^ 
40 for sintering the Al 2 0 3 crystal particle is not recommended to be used, in the case that the strength and hardness of 
the translucent alumina ceramic at high temperature as high as 1000 °C is required. This is because the MgO binder 
can rapidly reduce the strength and hardness at such an elevated temperature. In addition, use of the MgO binder 
causes the crystal particles to come off from the translucent alumina ceramic surface, rendering difficulty in attaining 
a smoothly polished surface of the ceramic. If in an aspect, a fine or smooth surface finish of the ceramic is not attained 
45 by polishing, the translucency of the ceramic is affected simply because of a correlation existing between a surface 
smoothness and translucency of the ceramic. 

[0021] Since the mean particle size of the crystal particles in the translucent polycrystalline ceramic should be con- 
trolled to be small such as not exceeding 1 um, a strong and hard binder for binding the crystal particles is necessary; 
and that is one of the reasons why the oxide of metals belonging to groups MIA and/or IVA of the Periodic Table is used 

50 for the translucent polycrystalline alumina (including sapphire) according to the invention. For instance, Y 2 0 3 , Yb 2 0 3 , 
Zr0 2 , Sc 2 0 3 ,l_a 2 0 3 ,Dy 2 0 3 and Lu 2 0 3 are recommended; and among them Y 2 0 3 and/or Yb 2 0 3 perform best. 
[0022] In an aspect of the invention, an amount of the metal oxide(s) included in the transparent polycrystalline 
ceramic is in an amount of less than 2 % in molarity (2 mol%). In order to attain the highest density of the translucent 
ceramic with this small amount of the metal oxide above and to attain strength and hardness, as will be described later, 

55 the ceramic is sintered under HIP (hot isostatic pressure) so that the crystal facet and the crystal particles are controlled 
in length and size respectively during firing (sintering) at comparatively low temperature. 

[0023] Therefore, in an aspect of the invention, there is provided a translucent polycrystalline ceramic capable of 
transmitting a visible light that enters the ceramic, comprising Al 2 0 3 crystal particles and a metal oxide between the 
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crystal particles, wherein a relative density of the translucent polycrystalline ceramic is not less than 3.98 g/cm 3 (or 
preferably 3.99 g/cm 3 that is very close to its theoretical density); a bending strength of the translucent polycrystalline 
ceramic is more than 750 MPa; 




15 



30 



5 and a Vickers hardness of the translucent polycrystalline ceramic is more than 1 900; 

and the metal oxide is an oxide of one or more metals selected from the metals belonging to IIIA and/or IVA groups 
of the Periodic Table excluding Ti. 

[0024] A better performance of the translucent polycrystalline alumina ceramic is attained if the metal oxide contained 
io therein is 0.02 - 2.0 % in molarity and a mean particle size of the crystal particles is 0.3 - 1 .0 urn, according to an aspect 
of the invention. Namely a bending strength and a Vickers Hardness thereof becomes at least 500 MPa and at least 
850, respectively, measured at a temperature of 1000°C. 

[0025] This translucent polycrystalline ceramic according to the invention is capable of transmitting more than 50 % 
of the light having a wave length of from 380-780 nm when the thickness of the ceramic is 1 mm. 
[0026] Further, the translucent polycrystalline ceramic has a feature of a straight-line light transmission ratio of at 
least 3 (or 30% in pecentage), which straight-line light transmission ratio is determined by dividing the light intensity 
transmitted through the ceramic in less than 0.5 degree angle by a total light intensity originally entering the ceramic 
when the ceramic is 0.5 mm in thickness and the light has a wave length of 380-780 nm. 

[0027] A surface of the above translucent polycrystalline alumina ceramic according to the invention is so hard that 
the surface can be polished to an extent that a center line mean surface roughness (Ra) is from 0.002 to 0.020 \m\ 
and a maximum height (Rmax) of the surface roughness is less than 0.30 urn and/or to the extent that an empty surface 
area caused by the alumina particles fallen off from the surface to the total polished surface area is not higher than 1 %. 
[0028] Since the translucent polycrystalline alumina according to the invention has a high corrosion-resistance, it 
can be used for e.g. an outer tube of a sodium lamp wherein a high sodium vapor pressure is confined. This translucent 
polycrystalline alumina ceramic has a very high strength and hardness, it can be used for a cutting tool having an edge 
formed by a rake face and a flank face, or for a abrasion resistance field including bearings. Since an electrical per- 
formance is expected similar to sapphire, this polycrystalline ceramic may be used as a dielectric material in various 
electronic components, especially in a high frequency field. 

[0029] In an embodiment according to another aspect of the invention, a preferable mean particle size of alumina 
crystal particles constituting the translucent alumina ceramic is from 0.3 to 0.7 urn When the mean particle size of the 
alumina crystal particles exceeds 1 .0 u.m, the strength and hardness of the sintered alumina particle reduces rapidly, 
possibly resulting in a comparatively low abrasion resistance ceramic and causing crystal particles to fall off during a 
surface polishing, which will injure the surface or weaken the ceramic under e.g. a continuous contact stress. 
[0030] No serious problems are expected in the properties such as strength, harness, abrasion resistance and light 
transmittance in the translucent polycrystalline ceramic, and it may be theoretically better in view of translucency and 
transparency, if the crystal particles and the facet lengths are controlled to be smaller than 0.3 urn in size and less than 
200 nm in length respectively. However, there may be a drawback that such fine particles are hard to be processed 
resulting in high cost for the sintered ceramic. 

[0031] For cutting tools, at least 750 MPa (or more than 830 MPa or in some cases more than 1100 MPa) in bending 
strength and at least 1900 (more preferably more than 2100) in a Vickers hardness are normally required. The trans- 
lucent polycrystalline ceramic according to the invention satisfy such requirements for cutting tools. In addition, since 
the alumina crystal particles are preferably made to have a small aspect ratio of from 1.0 to 1 .5, the sintered product 
containing the crystal particles is excellent in the abrasion resistance as well as the high strength and the high hardness. 
If the aspect ratio is controlled to 1 .0 to 1 .35, not only the abrasion resistance but also straight-line light transmittance 
45 relating to transparency of the ceramic are highly maintained. 

[0032] The light transmittance or transmission through the ceramic is measured by, for example, a method described 
later in Example 1. 

[0033] In an aspect of the invention, the polycrystalline alumina ceramic according to the invention is characterized 
in that the mean facet length of the alumina crystal particles constituting the sintered product is not longer than 700 
nm. The mean facet length is preferably not longer than 500 nm, and more preferably not larger than 400 nm, which 
depends on how much translucency/transparency is required for the ceramic in actual use. The mean facet length is 
preferably as small as possible from the view point of the transparency (:non scattering of the light). When the mean 
facet length is not longer than 100 nm, a creep-change by the grain boundary diffusion at a high temperature may be 
liable to occur, when use of the ceramic product at such a high temperature as close to the sintering temperature of 
the ceramic product is in consideration. In the above range of less than 700 nm, the translucent alumina ceramic shows 
excellency in the transparency (namely, light-transmittable with less scattering) and can be usable for a lamp tube 
having a point light source inside, since it is preferred that the ratio of the scattered light to the linearly transmitted light 
is preferably small for the point light source. 
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[0034] The translucent polycrystalline alumina ceramic according to the invention shows a total light-transmittance 
(namely, a rate of out-transmitted light intensity (I) divided by the intensity (lo) of the light originally entering to the 
ceramic) shows at least 60%, 70% or in some ceramic at least 75%, in the case that the thickness of the ceramic is 
0.5-1 mm. Further a linear light-transmittance (namely, transmission rate of a light scattering through the ceramic in 

s an angle of less than 0.5 degree from its straight line axis of the light originally entering the ceramic) is at least 0.15 
(1 5% in percentage), 0.1 5-2 (20-30%) under a better measurement condition or at least 0.4 (40%) under a best meas- 
urement condition, depending on a measurement apparatus available in the market. Also, a ratio of the linear light- 
transmittance to the total light-transmittance is at least 0.30, at least 0.4 under the better measurement condition or at 
least 0.5 under a best condition depending on a measurement apparatus available in the market. Herein, the linear 

10 light-transmittance means the same as the straight line light-transmission. 

[0035] A facet length of a crystal particle is herein defined as a length of side of each plane constituting a polyhedron 
of the crystal particle that is surrounded by grain boundaries in the sintered product as shown in Fig. 6(a) and 6(b). 
The length of the side can be measured by for example, a SEM photograph. A mean facet length is a mean value of 
the lengths of the sides measured in plural crystal particles( preferably based on at least 100 particles). The term "facet" 

is means a plane constituting a polyhedron. 

[0036] As is referenced with Fig.7, the "linear light-transmittance" means a rate of the linearly transmitted light in a 
less scattered angle 5 of 0.5° or less through the translucent ceramic, compared to the light originally propagating in 
parallel with its axis. In other words, it means a light having intensity (IL) transmitted through the ceramic and detected 
in an aperture angle 9 of 1 ° or lower by a light detector, divided by the light intensity (lo) originally entering the translucent 

20 ceramic. The linear light transmittance may be also defined herein as the intensity (IL) of the light not scattering more 
than 0.5° from a straight-line axis of the light, out from the total light intensity (lo) originally entering the translucent 
ceramic that scatters in an angle 8 of up to 90° 

[0037] With respect to the translucent alumina ceramic of the invention, there are no particular restrictions on the 
porosity or purity so long as the porosity or purity does not cause the grain boundary to form a second boundary layer 
25 that varies refractive index at the boundary. If the sintered product satisfies the factors, namely the facet length, the 
total transmittance and the ratio of the linear transmittance/ total transmittance, the translucent alumina ceramic may . 
contain other additives including MgO. 

[0038] In another major aspect of the invention, there is provided a method for making a translucent polycrystalline'- 
ceramic capable of transmitting at least 50 % of a light that enters the ceramic when a thickness of the ceramic is 0.5-1 
30 mm, comprising the steps of: 

forming an unfired ceramic body from a mixture powder comprising a crystal powder having a mean particle size 
of less than 1.0[im and a purity of at least 99.9%; 
firing the unfired ceramic body to form a primary sintered product; 
35 and applying a hot isostatic pressure to the primary sintered product at a temperature not exceeding by more than % 

1 25 °C of the temperature whereat the primary sintered product is fired, so as to form a secondary sintered product } 
having a density close to a theoretical density of the secondary sintered product, and having a mean facet length f 
of less than 700 nm, the mean facet length being defined as an average of lengths of sides forming polygons thaU 
appear in cross sections of the crystal particles constituting the ceramic. 

40 

[0039] An important feature of the above method is control of the mean particle size particles size of the crystal 
powders as having less than 1 urn by applying the HIP (hot isostatic pressure) so as to have the mean facet length of 
less than 700 nm in the secondary sintered product and to minimize the refraction index at boundaries of the facets 
bonded firmly together. 

45 [0040] In a preferred aspect of the invention, there is provided a method for making a translucent polycrystalline 
ceramic capable of transmitting a visible light through the ceramic, comprising the steps of: 

forming an unfired ceramic body from a mixture powder comprising a AlgC^ crystal powder having a mean particle 
size of less than 0.5 uxn and a purity of at least 99.99% and a powder of oxide of metals selected from the metals 

50 belonging to IMA and IVA groups of the Periodic Table excluding Ti; 

firing the unfired ceramic body to form a primary sintered product having a density of from 3.77 to 3.91 g/cm 3 ; 
and applying a hot isostatic pressure to the primary sintered product so as to form a secondary sintered product 
having a density of at least 3.98 g/cm 3 and having a mean facet length of less than 700 nm, the mean facet length 
being defined as an average of lengths of sides forming polygons that appear in cross sections of the crystal 

55 particles constituting the ceramic. 

[0041] In this aspect, the alumina crystal powder in a starting mixture powder is advantageously controlled as having 
the mean particle size of less than 0.5 um and the purity of at least 99.99% so that the mean facet length becomes 
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less than 700 nm. 

[0042] The resultant primary sintered product shows its relative density of from 94.5 to 98.0% and the resultant 
secondary sintered product has its relative density of at least 99.8% or substantially 100% 

f 0043 L' n 9 preferred additiona > aspect of the invention, the firing temperature applied to the unfired ceramic body is 
trom 1225 to 1275°C, the temperature during the hot isostatic pressure is from 1100 to 1250°C and the hot isostatic 
pressure is from 500 to 2000 kg/cm 2 . 

[0044] In another preferred additional aspect of the invention, the firing temperature applied to the unfired ceramic 
body is from 1225 to 1360°C, a temperature of the hot isostatic press is from 1100 to 1350°C and a pressure of the 
hot isostatic pressure is from 500 to 2000 kg/cm 2 . 

[0045] The temperature in the HIP treatment is an important factor in controlling the facet length to be less than 700 



[0046] An amount range of the metal oxide contained in the translucent polycrystalline alumina ceramic becomes 
critical when the strength and hardness from low temperature to high temperature are required in practical use In an 
aspect of the invention, when the amount is less than 0.02 mol%, the strength and/orthe hardness at a high temperature 
of higher than 1000 C become insufficient in use for e.g. cutting tolls and high temperature plasma windows When 
the amount exceeds 2.0 mol%, the metal oxide perse and/or a compound made of the oxide and alumina, may seg- 
regate at the gram boundary so as to lower the strength and hardness. 

[0047] Embodiments of the invention will now be described, by way of example only, with reference to the accom- 
panying drawings in which: 

[0048] Fig. 1 is an enlarged optical microphotograph of a polished surface of a translucent polycrystalline ceramic 
of a test piece 4 in Example 2, the ceramic embodying the invention. 

[0049] Fig. 2 is a view explaining an image emphasizing particles-fallen off portions shown in Fig 1. with emphasis 
of two-dradated contrast by using an image processing analyzer. 

[0050] Fig. 3 is an enlarged optical microphotograph of a polished surface of a translucent polycrystalline ceramic 
of a test piece 7 in Example 2, the ceramic not so satisfying an object of the invention. 

[0051] Fig. 4 is a view explaining an image emphasizing article-fallen off portions shown in Fig. 3 with emphasis of 
two-dradated contrast by using an image processing analyzer. 

[0052] Fig. 5 is a schematic cross-sectional view showing a measurement method for light transmittance throuqh a 
translucent ceramic as explained in Example 1 . a 
[0053] Fig. 6(a) and Fig.6(b) are schematic cross-sectional views showing that a mean facet length of crystal particles 
formed in the polycrystalline ceramic is an important factor for translucencyAransparency of the polycrystalline ceramic 
wherein F,g.6(a) shows that when the mean facet length is longer than a wavelength of light being transmitted there 
is scattering (reflection/refraction), while Fig.6(b) shows that when the mean facet length is below the wavelength of 
the light being transmitted there is less light-scattering compared to Fig. 6(a). 

[0054] Fig. 7 is a schematic cross-sectional view showing the measurement method for light transmittance includinq 

a straight line light transmission as explained in Example 5. 

[0055] The invention is explained in more detail by the following examples. 

(Example 1) 

[0056] In this Example 1 . a correlation between the mean particle size and the mean aspect ratio of alumina crystal 
particles and also the correlation between the density of the translucent polycrystalline alumina ceramic and the 
strength/ hardness/light-transmittance were investigated. 

[ ™,™m mina P° wder navin 9 a mean P arti =le of 0.22 pm and a purity of 99.997% (supplied as trade name 
of TA MICRON from Taimei Chemical Co.) was ground with water by a wet grinding system having high-purity alumina 
pebbles of 99.5% purity to form a slurry. After spray-drying the slurry, the dried powder was molded to a unfired ceramic 
body which was then burned (or fired) at the temperature described as in Table 1 to form a primary sintered product 
A HIP treatment was then applied to the primary sintered product at the temperature and under the pressure described 
conducted iSer.^ 66 ' 85 1hSrein ^ ™ SUbS,an,ially supply an Y im P ur " ia s to the slurry according to an analysis 
[0058] The firing of the unfired ceramic body was carried out in an air atmosphere and maintained at the firing tem- 
perature for 2 hours. The HIP treatment was maintained in an argon atmosphere for one hour. In test piece 8 the 
alumina powder was compounded with 0.1 mol% Nb 2 O a and 0.07 mol% SiO a to 100 mol% alumina powder to form a 
mixture which was then fired and sintered in the same process described as above. 

[0059] On each polycrystalline alumina ceramic product thus obtained, the density (hereafter referred to as "primary 
density ) of the primary sintered product after firing, the density (hereafter referred to as "density after HIP") of the 
secondary sintered product, the mean particle size and the mean aspect ratio of the alumina crystal particles formed 
ms.de the ceram.c, and the bending strength, the Vickers hardness, and the light-transmittance of the translucent 



6 



EP 1 053 983 A2 

alumina ceramic at room temperature were measured in the following ways. The results are shown in Table 1 and 
Table 2. 



(1 ) The primary density and the density after HIP were measured by an Archimedes method defined by JIS R 1 634 
$ (and the measured value was rounded according to JIS Z 8401 ). 

(2) The sintered product was mirror-polished, thermally etched and photographed on the polished surface by a 
scanning electron microphotography. Using the photograph, the sizes of the particles formed in the sintered ceramic 
product were calculated by an image processing analyzer, and the arithmetic mean values of the maximum lengths 
(long diameters) of the particles were averaged to be the mean particle size of the alumina crystal particles (grains) 

10 formed in the sintered ceramic product. The shortest distance between two straight lines in parallel with a direction 

along the maximum length (long diameter) was defined as a short diameter of the formed crystal particles. The 
value of the long diameter divided by the short diameter was defined as an aspect ratio of the formed crystal 
particle, and the arithmetic mean value of the aspect ratios of all the formed crystal particles was defined as the 
mean aspect ratio. The number of the measured crystal particles was 500. For reference, the mean particle size 

15 of test piece 4 of Table 1 computed by an intercept-method from the scanning electron microphotograph was 0.52 

UJTL , 

(3) Bending strength of translucent polycrystalline alumina ceramic: 

A three-point bending strength was measured at room temperature by using a bending strength test method 
as described in JIS R 1610. 
20 (4) Hardness of translucent polycrystalline alumina ceramic: 

This was measured at a load of 1 kgf (9.807N) by using a Vickers hardness testing method as described in 
JIS R 1610. 

(5) Light-Transmittance through translucent polycrystalline alumina ceramic: 

As referred in Fig. 5, the ceramic sample 3 prepared and polished so as to have its thickness of 1 mm was 
25 inserted between slits 2, 4 having an square opening of 10 mm x 10 mm, and then they were placed on an illumi- 

nance meter 5 ("LUXMETER LX1334", manufactured by Custom K.K.) to be irradiated by a light from a halogen 
lamp 1 (having color temperature of 5500K). A illuminance measured without the sample(test piece) on the illumi- 
nance meter was defined as 100, the illuminance measured by completely shutting the light was defined as 0. As 
shown in Fig.5, the illuminance with the sample 3 placed on the meter was determined as an intensity of the light- 
30 transmittance through the ceramic. 

(6) Mean facet length: 

The length of every side of the polygon that appears as a cross section of the crystal particles on the polished 
surface was measured, and the mean value was calculated as the facet length defined in this invention. The number 
of the alumina crystal particles used in the measurement was at least 100. 
35 (7) Linear light-transmittance, total light transmittance, and the ratio thereof: ^ 

In general, the light transmittance of a light-transmitting translucent ceramics is mostly measured by using an 
spectrophotometer available in the market (but it may be required to pay an attention to a co-comparison of the 
measured values with respect to a material having a light diffusion transmittance). For example as shown in Fig. 
7, an angular aperture 0 of a detector is defined from the size of the slit (if used a circular slid, the radius r) and a 
40 distance L between the slit and a translucent test piece, and the linear transmittance and the total transmittance 

of the light are measured by the conditions described below. 

The transmittance is shown by the following equation (1). 



. Transmittance T_= l/l 0 = (1 -R) 2 exp(-u.X) _ (1) 

(wherein, l 0 = incident light intensity, I = transmitted light intensity, R = reflectance, X = thickness of test piece, u. 
= apparent absorption coefficient.) 

(8) High-temperature bending strength: 

A three point bending strength was measured at 1000°C and 1200°C by the bending strength test method 
determined by JIS R 1604. 

(9) High-temperature hardness: A Vickers hardness at 1000°C was measured in vacuum at a load of 1 kgf (9.807 
N) by the Vickers bending strength test method determined by JIS R 1 623. 
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Table 2 



10 



is 



20 



25 



30 



Test piece 


Mean Particle 
Si7e fLLirrt 


Mean Aspect 
ratio 


Bending 
Strenath fMPa^ 


Hardness (HV1) 


Light- 

transmittan^A 

LI Cat IOI 1 HllCII llfO 

(%) 

(1 mm. 
thickness) 


*1 












2 


0.52 


1.32 


860 


2130 


70 


3 


0.52 


1.30 


870 


2140 


70 


4 


0.54 


1.37 


870 


2140 


65 


5 


0.55 


1.35 


850 


2105 


60 , 


*6 


1.20 


1.40 


680 


1950 


40 


*7 


1.77 


1.38 


620 


1900 


10 


*8 


2.31 


2.52 


660 


1750 


white turbid 


Mark(*) indicates test pieces still embodying the invention, but not having all optional features of some preferred 
aspects of the invention. The density of test piece 1 was so low that measurements therefor were not carried out. 



[0060] The value of light transmittance in Table 2 means a rate in percentage of the total light (I) transmitted through 
the translucent ceramic of 1 mm in thickness, by comparing (dividing) the total light (lo) entered into the translucent 
ceramic, and measured without any interference of the sample 3, being determined with the illuminance meter (5) as 
shown in Fig. 5. 

[0061] From the test results of Table 1 and Table 2, as seen by test pieces 2-5 having the mean particle sizes of from 
0.5 to 0.6 nm, the mean aspect ratios of from 1.3 to 1.4, and the densities of 3.99 g/cm 3 , the translucent alumina 
ceramic product having a high bending strength and hardness are obtained. Furthermore, high values of from 60 to 
70% in the light-transmittance were obtained. 



(Example 2) 



35 



40 



[0062] In this Example 2, the surface of each sintered product was polished, and the extent of particles falling off 
from the surface and the surface roughness thereof after polishing was evaluated. 

[0063] A surface of test pieces made a dimension of 6 (width) X 20 (length) X 4 (height) mm from the sintered 
procucts 4, 5, 7, and 8 of Table 1 and Table 2 was polished by the condition (1) below. Then after polishing by the 
condition (2) below, the optical microphotographs on the polished surface were taken at 100-400 magnifications from 
at least three visual scopes, and then the areas of the particle-fallen off portions in the visual scopes were measured. 
The area ratio to the total polished area was calculated. For measurement of the area of the particles fallen off, an 
image analyzer can be used. The results are shown in Table 3. 



(1) Wet polishing by using water and abrasives having a particle size of about 45 fim formed on a diamond wheel 
(SD D45 J 100 B) for a period of 10 minutes. 

(2) Wet polishing by using oil and diamond abrasives having particle size of 3 urn on pan cloth for the period of 10 
minutes. 



50 



55 



[0064] The optical microphotograph (100 magnifications) of the polished surface of test piece 4 is shown in Fig. 1. 
The black portions of the photograph are particle-fallen off portions. The image emphasizing the particle-fallen off 
portions by an image processing with emphasis of two-dradated contrast is shown in Fig. 2. The optical microphoto- 
graph (100 magnifications) of the polished surface of Test piece 7 is shown in Fig. 3 and its image emphasizing the 
particle-fallen off portions by the image processing with emphasis of two-dradated contrast is shown in Fig. 4. 
[0065] The surface roughness of each sintered product after polishing was measured by a surface roughness meas- 
urement apparatus (using a trace-system surface roughness meter regulated by JIS B 0651) and Ra and Rmax ac- 
cording to JIS B 0601 were obtained. At the measurement, a stylus having a tip radius of 5 jam was used. The results 
are shown in Table 3. 
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Table 3 



Test piece 


Area ratio (%) of particle-fallen off 
portion 


Surface roughness after polishing 


Ra (urn 


Rmax (|im) 


4 


0.02 


0.004 


0.077 


5 


0.04 


0.005 


0.079 


*7 


20.56 ! 


0.033 


0.749 


*8 


4.27 


0.021 


0.504 


Mark(*)indicates test pieces still embodying the invention, but not having all optional features of some preferred 
aspects of the invention. 



[0066] From the results of Table 3, it can be seen that the test pieces (4)and(5) have a very smooth surfaces. On 
the other hand, in test piece 7 the area ratio of the particle-fallen off portions was about 20% and in test piece 8 the 
particles was considerably fallen off to be as about 4% of the area ratio. Also, it can be seen that in test pieces 7 and 
8, Ra was at least 0.02 ujti and Rmax was at least 0.50 um 

20 

(Example 3) 

[0067] In this Example 3, the abrasion resistance of each secondary sintered ceramic product of Example 2 was 
evaluated. 

25 [0068] The abrasion resistance was evaluated by an abrasion loss (expressed as "abraded depth" in Table 4). The 
abrasion loss was measured by pushing the sintered ceramic product to a diamond wheel plale (SD D45 J 100 B) 
having a particle size of 45 p.m with a plane pressure of 1 kg/cm 2 for 5 minutes. This abrasion test was carried out with 
water. The size of the test piece was 6 (width) x 20 (length) X 4 (height) mm. The test results are shown in Table 4. 

3 o (Example 4) 

[0069] In this Example 4, the durability to a contact stress, of each secondary sintered ceramic product of Example 
2 was evaluated. 

[0070] A surface injury caused by pushing a steel ball having a diameter of 3.8 inch to the polished surface of the 
35 sintered ceramic product was checked so as to determine the minimum load that causes the injury such as a crack, 
with the load increasing. The results are shown in Table 4. The load was increased to 500 kgf and when any injury 
does not occur at the surface, the case was determined as more than 500 as shown in Table 4. 



Table 4 



Test piece 


Abraded depth (pm) 


Injury-occurred load (kgf) 


4 


15 


>500 


5 


18 


>500 


*7 


320 


400 


*8 


390 


20 


Mark( indicates test pieces still embodying the invention, but not having all optional features of some preferred 
aspects of the invention.. 



[0071] From the results of Table 4, it can be seen that since the abraded depths formed on the test pieces (4) and 
(5) are only about from 15 to 18 um the secondary sintered products have excellent abrasion resistance. 
[0072] In addition, it can be also seen by the test pieces (4) and (5) that since the injury -occur red load is more than 
500 kgf, the durability to the contact stress is also outstandingly high. The translucent alumina ceramic according to 
the invention finds various uses such as bearing (including balls), sliding members and cutting tools to which is applied 
a large contact stress. 
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(Example 5) 

[0073] In this Example 5, a correlation between the mean facet length of alumina crystal particles sintered in the 
translucent polycrystalline ceramic and the light-transmittance through the translucent polycrystalline ceramic was 
investigated. 

[0074] An alumina powder having the same mean particle size and purity as described in Example 1 was mixed with 
each of additives of metal oxides as shown in Table 5, so as to form a molded (or unfired) body. Then the unfired body 
was burned (or fired) at a temperature described in Table 5, so as to make a primary sintered product to which thereafter 
was applied the HIP at the temperature and under the pressure respectively described in Table 5. Other conditions 
were the same as in Example 1 . 

[0075] On each translucent alumina ceramic thus obtained, the primary density and the density after the HIP treat- 
ment were measured as in Example 1 , and further, the mean facet length of the alumina crystal particles formed inside 
the ceramic, the total light-transmittance, the linear light-transmittance of the translucent alumina ceramic and the ratio 
(linear light-transmittance/total light-transmittance) were measured, by the way as also described in Example 1 except 
for the measuring condition below. Each of the sintered products was mirror-polished and, after applying thermal etching 
on surfaces thereof, a scanning electron microphotograph was taken on the surface. From the photograph, the mean 
particle size and the mean aspect ratio of the sintered AlgOa crystal particles formed therein were calculated by the 
intercept method, based on at least 100 pieces of the particles. The results are shown in Table 5 and Table 6. 

[Light-transmittance measuring condition] 

[0076] Light source: Halogen lamp (emitting white light with color temperature of 3100K) equipped with a infrared 

cut filter (cutting wavelengths of more than 800 nm). 

[0077] Linear transmittance: L = 500 mm, r = 3 mm (8=1°) 

[0078] Total transmittance: L = < 1 mm, r = 10 mm (8 = 90°) 

[0079] Thickness of test piece = 0.5 mm. 

[0080] Surface state of test piece: In order to remove influences caused by reflection and scattering at the surface 
and to determine the characteristics of the material perse; the flat surfaces of the test piece is mirror-polished such 
that Ra becomes 0.02 ujti or less. 
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Table 6 



Test piece 


Mean Particle 
Size (u,m) 


Mean facet 
length (nm) 


Total 

Transmittance 
(%) 


Linear 

Transmittance 
(%) 


Linear 

transmittance/ 
total 

transmittance (%) 


4 


0.54 


330 


72 


23 


32 


9 


0.50 


300 


75 


40 


53 


10 


0.52 


270 


78 


42 


54 


11 


0.50 


250 


78 


27 


35 


12 


0.48 


220 


73 


25 


34 




4.00 


2200 


79 


4 


5 


(Thickness of test piece: 0.5 mm) 

Mark(*) indicates test pieces still embodying the invention, but not having all optional features of some preferred 
aspects of the invention. 



[0081] As is seen from Tables 5 and 6, when the mean facet length drastically decreases, compared to test piece 
1 3, a ratio of linear transmtitance to total transmittance which indicates a state of transparency of the ceramic becomes 
outstandingly high as 0.3(30%) - 0.6(60%). 



(Example 6) 

[0082] In the Example 6, a correlation of the kind and amount of the metal oxide contained in the translucent alumina 
ceramic with the strength and the hardness thereof at each temperature was investigated. 

[0083] An alumina powder having a mean particle size of 0.22 |im and a purity of at least 99.99% was mixed with a 
variety of raw material powder as shown in Table 7 was prepared as in the Example 1 to form unfired ceramic bodies, 
and the bodies were fired at the temperature described in Table 7. To the primary sintered product was applied the HIP 
at the temperature with the pressure described in Table 7. Other conditions for the firing and the HIP treatment were 
the same as in Example 1 . 

[0084] On each of the translucent alumina ceramics thus attained, the primary density, the density after the HIP, and 
the bending strength and the Vickers hardness of the translucent alumina ceramic at room temperature were measured 
in a similar way as explained in Example 1, and further, the bending strength and the Vickers hardness at a high 
temperature were measured by the method described below. The sintered product was mirror polished, and after 
applying thereto thermal etching, a scanning electron microphotograph was taken on the surface. From the photograph, 
the mean particle size of the alumina crystal particles was computed by the intercept -method. The results are shown 
in Tables 7 and 8. 
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[0085] As is seen from test pieces (10) to (12) and (14) to(23) in Tables 7 and 8, they are high and excellent in the 
strength and the hardness not only at room temperature but also at 1000°C - 1200°C. 

(Example 7) 

[0086] In this Example 7, a test, whether the translucent polycrystalline alumina ceramic can be used for a cutting 
tool tip, was conducted. 

[0087] The cutting tool tips were made from the translucent alumina ceramic products that were prepared in a similar 
way as described in previous Examples so as to have the sintered ceramic made from the alumina particles and metal 
oxide as shown in Table 9. 

[0088] The sintered products were shaped to cutting tool tips (SNN434-TNF) which were tested under the following 
cutting condition. Test results are shown in Table 10. 

[Cutting Test Condition] 

[0089] Lubricant : nothing (dry), 

[0090] Metal work to cut : cast iron, 

[0091] Cutting Speed : 1000m/min., feed=0.3mm/rev. 

[0092] Cutting depth : 2mm, 

[0093] Holder for tip : C16L-44 

[0094] For additional reference, the total light-transmittance of the translucent polycrystalline alumina ceramic prod- 
ucts was checked by the same way as described in Example 1 . The checked ceramic products were 0.5 mm in thickness 
and mirror-polished (Ra<0.02|im). The data are shown in Table 10. 

[0095] As is confirmed by the data as shown in Table 10, the translucent polycrystalline AL>0 3 ceramic containing 
the additive oxide of metal according to the invention, can perform excellently when it is used as a cutting tool material. 
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Claims 

1 . A translucent polycrystalline ceramic for transmitting light therethrough, said ceramic comprising crystal particles, 
wherein 

a mean facet length of the crystal particles is not longer than a maximum wave length of the light to be 
transmitted through the polycrystalline ceramic; the mean facet length being defined as an average of the lengths 
of sides forming polygons that appear in cross-sections of the crystal particles constituting the ceramic. 

2. A translucent polycrystalline ceramic according to claim 1 , 

wherein substantially all of the facet lengths of the crystal particles are not longer than the maximum wave length 
of the light to be transmitted through the ceramic; the facet length being defined as a length of a side of the polygon 
that appears in a cross section of a crystal particle contained in the ceramic. 

3. A translucent polycrystalline ceramic according to claim 1 or 2, 

wherein a mean crystal particle size of the crystal particles is not larger than 1 urn; and a mean aspect ratio of the 
crystal particles is from 1 to 1 .5. 

4. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein the crystal particles 
comprise Al 2 0 3 . 

5. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

the mean facet length of the crystal particles is not longer than 700 nm; a density of the translucent poly- 
crystalline ceramic is not less than 3.98 g/cm 3 ; a bending strength of the translucent polycrystalline ceramic is 
more than 750 MPa; and a Vickers hardness of the translucent polycrystalline ceramic is more than 1900. 

6. A translucent polycrystalline ceramic according to any one of the preceding claims, further comprising a metal 
oxide in an amount of less than 2 mol %, the oxide binding the crystal particles inside the ceramic. 

7. A translucent polycrystalline ceramic according to claim 6, wherein 

the metal oxide is an oxide of one or more metals selected from the metals belonging to groups III A and I VA 
of the Periodic Table, excluding Ti. 

8. A translucent polycrystalline ceramic according to claim 7, wherein 

the metal oxide is one or more selected from the group of Y 2 0 3 , Yb 2 0 3 , 2r0 2 , Sc 2 0 3 , La 2 0 3 , Dy 2 0 3 and 

9. A translucent polycrystalline ceramic according to claim 7, wherein 

the metal oxide is Y 2 0 3 , Yb 2 0 3 or a mixture thereof. 

10. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

the polycrystalline ceramic contains substantially no magnesia(MgO). 

11. A translucent polycrystalline ceramic according to any one of the preceding claims: further comprising 0.02 - 2.0 
mol % of a metal oxide, wherein 

the crystal particles comprise alumina; 

the mean particle size of the crystal particles is 0.3 - 1 .0 u.m; 

a bending strength of the translucent polycrystalline ceramic is at least 500 MPa measured at a temperature 
of1000°C; 

and a Vickers Hardness of the translucent polycrystalline ceramic is at least 850 measured at a temperature 
of1000°C. 

12. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

more than 50 % of the light having a wave length of 380-780 nm can be transmitted through the translucent 
polycrystalline ceramic when the translucent polycrystalline ceramic has a thickness of 1 mm. 

13. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

more than 60 % of the light having a wave length of 380-780 nm can be transmitted through the translucent 



18 



EP 1 053 983 A2 

polycrystalline ceramic when the translucent polycrystalline ceramic has a thickness of 0.5 mm. 

14. A translucent polycrystalline ceramic according to any one of the preceding claims, having a straight-line light 
transmission ratio of at least 0.3 or 30 % in percent, wherein 

s the straight-line light transmission ratio is determined by dividing an intensity of the light transmitted through 

the ceramic without scattering more than 0.5 degree by the intensity of the light entering the ceramic, the ceramic 
being 0.5 mm in thickness and the light having a wave length of 380-780 mm. 

15. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

10 a surface of the translucent polycrystalline ceramic is polished to an extent that a center line mean surface 

roughness (Ra) is from 0.002 to 0.020 um and a maximum height (Rmax) of the surface roughness is less than 
0.30 um in the polished surface of the translucent polycrystalline ceramic. 

16. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

15 the translucent polycrystalline ceramic is polished, and a ratio of empty surface area caused by crystal par- 

ticles which have fallen off to a total polished surface area is not higher than 1%. 

17. A translucent polycrystalline ceramic according to any one of the preceding claims, wherein 

the ceramic is colourless. 

20 

18. An outer tube for a sodium lamp, comprising a translucent polycrystalline ceramic according to any one of the 
preceding claims. 

19. A cutting tool having an edge formed by a rake face and a flank face, and comprising a translucent polycrystalline 
25 ceramic according to any one of claims I to 1 7. 

20. An electronic component for use at a high frequency, comprising a dielectric material which is a translucent poly- 
crystalline ceramic according to any one of claims t to 17. 

30 21. A bearing in which a translucent polycrystalline ceramic according to any one of claims 1 to 17 is used. 

22. A method for making a translucent polycrystalline ceramic capable of transmitting at least 50 % of a light that enters 
the ceramic when a thickness of the ceramic is 1 mm, comprising the steps of: 

35 forming a unfired ceramic body from a mixture powder including a crystal powder having a mean particle size 

of less than 1 .0 u,m and a purity of at least 99.9%; 
firing the unfired ceramic body to form a primary sintered product; and 

applying a hot isostatic pressure to the primary sintered product at a temperature not exceeding by more than 
125°C of the temperature whereat the primary sintered product is fired so as to form a secondary sintered 
40 product having a density close to a theoretical density of the secondary sintered product and having a mean 

facet length of less than 700 nm, the mean facet length being defined as an average of lengths of sides forming 
polygons that appear in cross sections of the crystal particles constituting the ceramic. 

23. A method for making a translucent polycrystalline ceramic capable of transmitting light through the ceramic, com- 
45 prising the steps of: 

forming a unfired ceramic body from a mixture powder comprising a AlgOg crystal powder having a mean 
particle size of less than 0.5 ujti and a purity of at least 99.99% and a powder of oxide of metals selected from 
the metals belonging to groups II I A and IVA of the Periodic Table, excluding Ti; 
50 firing the unfired ceramic body to form a primary sintered product having a density of from 3.77 to 3.91 g/cm 3 ; 

and applying a hot isostatic pressure to the primary sintered product so as to form a secondary sintered product 
having a density of at least 3.98 g/cm 3 and having a mean facet length of less than 700 nm, the mean facet 
length being defined as an average of the lengths of sides forming polygons that appear in cross sections of 
the crystal particles constituting the ceramic. 



55 



24. A method of making a translucent polycrystalline ceramic as claimed in claim 22 or 23, wherein 

the primary sintered product has a relative density of from 94.5 to 98.0% and the secondary sintered product 
has a relative density of at least 99.8%. 
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25. A method of making a translucent polycrystalline alumina ceramic as claimed in claim 22 or 23, wherein 

the primary sintered product has a relative density of from 94.5 to 98.0% and the secondary sintered product 
has a relative density of substantially 100%. 

26. A method of making a translucent alumina ceramic as claimed in claim 22 or 23, wherein 

a firing temperature applied to the unfired ceramic body is from 1225 to 1275°C, a temperature during the 
hot isostatic pressing is from 1100 to 1250°C and the hot isostatic pressure is from 500 to 2000 kg/cm 2 . 

27. A method of making a translucent polycrystalline ceramic as claimed claim 22 or 23, wherein 

a firing temperature applied to the unfired ceramic body is from 1225 to 1360°C, a temperature of the hot 
isostatic press is from 1100 to 1350°C and a pressure of the hot isostatic pressure is from 500 to 2000 kg/cm 2 . 

28. A method of making translucent polycrystalline ceramic as claimed in claim 23, wherein the AI2O3 crystal powder 
has its purity of more than 99.99%. 
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Fig. 1 
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Fig. 5 
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Fig. 6 (a) 
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